To dissect the determinants of Listeria monocytogenes that are required for pathogenicity, we designed an intracellular selection protocol based on penicillin selection to isolate mutants defective for intracellular growth. Eight independent mutants obtained by insertion of Tn916 were isolated that were resistant to methicillin treatment following internalization by the J774 macrophage-like cell line. Seven mutants were absolutely defective for intracellular growth, whereas one showed abortive intracellular growth. The majority of the mutants were nonhemolytic and lacked a secreted 58-kDa polypeptide thought to be the L. monocytogenes hemolysin, listeriolysin 0. Southern blot analysis indicated that one mutant contained a Tn916 insertion in hlyA, the listeriolysin 0 structural gene, which resulted in a truncated listeriolysin 0 polypeptide, whereas another mutant contained an insertion immediately upstream of hlyA, which resulted in reduced expression of listeriolysin 0. The other mutants contained Tn916 insertions in genes other than hlyA, although all but one were nonhemolytic. Revertants isolated by their ability to grow within tissue culture cells regained hemolytic activity. These data show that intracellular methicillin selection facilitates isolation of mutations in genes required for intracellular growth and strengthens the premise that listeriolysin 0 is essential for intracellular growth.
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Intracellular pathogens are responsible for a devastating amount of disease worldwide. For example, the bacterial pathogens Mycobacteria leprae and Mycobacteria tuberculosis infect -30 million individuals (1, 2), whereas Chlamydia trachomatis, an obligate intracellular bacterial pathogen, is one of the leading causes of blindness worldwide and is a major cause of sexually transmitted disease in the United States (3) . The protozoal intracellular pathogens, Trypanosoma cruzi, Leishmania, and Plasmodium, together, infect >100 million people (4) . Although all of these intracellular pathogens have been extensively studied, little is known about the molecular mechanisms by which they invade and proliferate within eukaryotic cells. Such an understanding will presumably aid in prevention and treatment of these diseases. Unfortunately, many of these pathogens are difficult or impossible to cultivate in vitro and, in the case of the protozoal pathogens, no genetic systems have yet been developed. Therefore, we have decided to focus on a model bacterial pathogen, Listeria monocytogenes.
L. monocytogenes is a facultative intracellular bacterial pathogen that is easily cultivated in vitro and for which an excellent intracellular growth assay has recently been developed (5) . Furthermore, L. monocytogenes has been extensively utilized in a murine model for the study of cellmediated immunity (6) (7) (8) . However, although the immune response to L. monocytogenes has received a great deal of attention, bacterial determinants required for intracellular growth have yet to be fully evaluated. One characterized determinant of pathogenesis is the elaboration of a hemolysin referred to as listeriolysin 0 (9, 10). Listeriolysin 0 is a member of a family of sulfhydryl-activated hemolysins of which streptolysin 0 is the prototype (11) (12) (13) . Mutants of L. monocytogenes lacking hemolytic activity are avirulent and fail to grow in tissue culture cells (5, (14) (15) (16) (17) .
To characterize molecular mechanisms required for intracellular growth ofL. monocytogenes we designed a selection protocol based on penicillin selection (18, 19) for the isolation of L. monocytogenes mutants defective in their ability to replicate intracellularly. In the present study we describe the isolation and initial characterization of eight such mutants.
MATERIALS AND METHODS
Bacterial Strains, Growth Media, and Mutant Construction. All strains used in this study were stored at -70'C in brain/heart infusion broth (BHI, Difco) containing 50% (vol/ vol) glycerol. L. monocytogenes 10403S (20) , the primary strain used in this study, belongs to serotype 1, is resistant to streptomycin, and has an LD50 for mice of 3.3 x 104 (5 *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. min, the supernatant fluid was discarded, and the sedimented cells were washed once with 1 ml of PBS. Monolayers ofJ774 cells containing -8 x 105 cells were infected with 4 x 106 bacteria and, after a 30-min incubation, the monolayers were washed three times with 370C PBS to remove nonadherent bacteria; this was followed by the addition of 2 ml of 37TC medium. After an additional 30-min incubation, gentamicin sulfate and methicillin were added to final concentrations of 0.01 and 1 mg/ml, respectively. After 24 hr, the monolayers were washed three times with PBS to remove the antibiotics and then lysed with 1 ml of sterile distilled water. The recovered bacteria were grown overnight in BHI broth and used to infect fresh J774 cell monolayers. After the third such enrichment, a population of L. monocytogenes:: Tn916 mutants resistant to intracellular methicillin killing was obtained. The recovered mutants were purified by single colony isolation on blood agar.
Growth of L. monocytogenes in J774 Cells. L. monocytogenes wild-type and mutant strains were analyzed for growth in J774 cells as described (5) . Briefly, cell monolayers were grown on 12-mm round coverslips in 60-mm Petri dishes. Thirty minutes after the initial infection, monolayers were washed three times with 37TC PBS to remove nonadherent bacteria; this was followed by the addition of 5 ml of 37TC medium. After an additional 30 min, gentamicin sulfate was added to a final concentration of 10 ,ug/ml. The number of bacteria per coverslip was determined at each time point in triplicate by vigorously mixing each coverslip in 5 ml of sterile distilled water in a 15-ml conical tube and then deducing the number of colony-forming units by growth on BHI agar. Intracellular methicillin resistance of the L. monocytogenes :: Tn9J6 mutants was tested by growing the appropriate strain in J774 cells as described above but in the presence of methicillin at 1 mg/ml. SDS/PAGE and Hemolytic Activity of Secreted Proteins. L.
monocytogenes wild-type and mutant strains were grown in LB broth (22) (pH 7.5) at 37°C for 18 hr with aeration. LB broth culture supernatants were prepared for analysis by SDS/7% PAGE as described (5) . The amount ofextracellular protein loaded per lane was standardized with respect to the number of bacteria in each culture measured as the optical density at 520 nm. An amount approximately equivalent to 2 ml of culture supernatant was loaded per well. Protein molecular mass standards (Bio-Rad) were used to calibrate molecular masses. BHI broth culture supernatants were assayed for hemolytic activity as described by Kingdon and Sword (24) . Briefly, 2-fold serial dilutions of samples were made in PBS containing 6 mM cysteine (pH 5.6). After 30 min of incubation at 37°C an equal volume of sheep erythrocytes (1% suspension) was added. After an additional 60 min of incubation at 37°C the tubes were subjected to centrifugation (12,000 x g) for 1 min and were scored for visible hemolysis. Hemolytic titers were expressed as the reciprocal of the highest dilution at which complete lysis of erythrocytes was observed. Complete hemolysis was induced by adding 1/100th volume of 10% Triton X-100 to a sample.
Southern Blot Analysis. DNA was isolated as described by Flamm et al. (25) . DNA restriction enzyme digests were fractionated on 1% agarose gels in TBE buffer (89 mM Tris/89 mM boric acid/2 mM EDTA, pH 8.0). The DNA fragments were subjected to acid depurination (26) and then transferred to nitrocellulose filters by the method of Southern (27) . The filters were hybridized with DNA probes that had been labeled in vitro with 32P. Plasmid pAM118 (28) oligonucleotide hybridization probe derived from the published hlyA sequence (12) . DNA probes 1 and 2, which represent internal restriction fragments of hlyA derived from plasmid pDP102, were gel purified using low-meltingtemperature agarose and labeled with 32P as above. Tn9J6 isolates were collected in 10 pools of 10,000 and subjected to intracellular methicillin selection. From these, eight independent isolates that survived methicillin selection Genetics: Camilli et al.
oc 4 were colony purified and chosen for further study ( Table 1) . The selection ofthese mutants was believed to have occurred due to their intracellular resistance to methicilhin killing. To support this hypothesis we measured the intracellular methiciliin resistance of the wild-type strain, 10403S, and mutant L. monocytogenes in J774 cells (Fig. lA) . All of the mutants were internalized by the J774 cell monolayers to a similar extent as the parental strain as determined by the number of gentamicin-protected bacteria per coverslip at t = 2 hr. However, although the parental strain showed a loss of >3 logarithms viability after 24 hr in the presence of methicillin, seven of the mutants showed almost complete resistance to methicillin after 24 hr as depicted for mutant DP-L433, whereas one mutant, DP-L524, showed an intermediate level of methicillin resistance compared to the parental strain (Fig.  LA) . It was apparent that during 24 hr of intracellular methicillin selection, there was a 3-logarithmic enrichment of non-growing mutants over the wild type. The intracellular growth rates of the wild-type and mutant L. monocytogenes were measured in the absence of methicillin. As previously reported (5), the wild-type strain, 10403S, grew in J774 cells with an intracellular doubling time of v1 hr. In contrast, seven mutants were completely defective for intracellular growth as depicted for mutant DP-L433, whereas mutant DP-L524 had an intermediate level of intracellular growth (Fig. 1B) . This latter strain grew with an initial doubling time similar to that of the wild type, but after three doublings, growth ceased. This strain also formed small colonies on agar medium and failed to reach the same density as the wild type in liquid medium.
Hemolytic Expression of L. monocytogenes:: Tn916 Mutant
Strains. The L. monocytogenes hemolysin, listeriolysin 0, has previously been shown to be a required determinant for bacterial intracellular growth and pathogenicity (5, (14) (15) (16) (17) . Therefore, we analyzed the intracellular growth mutants for hemolytic activity (Table 1 ). The parental strain formed zones of hemolysis on blood agar and had a hemolytic titer in solution of 80 units/ml. Six of the eight mutants showed no detectable hemolytic activity in solution, whereas two mutants, DP-L524 and DP-L590, had 20 and <5 units/ml, respectively. Of these two mutant strains only DP-L524 formed zones of hemolysis on blood agar plates. Mutants DP-L434, DP-L534, and DP-L585 had no detectable hemolytic titer in solution but did form small zones of hemolysis on blood agar plates that were revealed by lightly scraping away single colonies. To further characterize these mutant strains we analyzed their secreted protein profiles by SDS/PAGE. In previous studies (5, 16) all nonhemolytic mutants lacked a secreted polypeptide of 58 kDa. Similarly, in this study six of the eight mutant strains lacked a secreted 58-kDa polypeptide, whereas the remaining two mutants, DP-L434 and DP-L524, secreted decreased levels of this polypeptide (Fig. 2) . Mutants DP-L433 and DP-L476, which lacked the 58-kDa polypeptide, secreted lower molecular mass polypeptides of =46 kDa. Three mutants, DP-L534, DP-L524, and DP-L585, which formed small colonies on LB agar and blood agar, showed very low amounts of all secreted polypeptides and may be general secretory mutants. Mutant DP-L524 could be distinguished from the others because it secreted significant amounts of the 58-kDa polypeptide and was hemolytic.
Southern Blot Analysis of Tn916 Insertions. Recently, Mengaud et al. (12) reported the complete nucleotide sequence of hlyA, the structural gene for listeriolysin 0. This gene sequence predicted a polypeptide of 58 kDa (12) . To determine if the absence of the 58-kDa polypeptide in six of the mutant strains was due to insertional inactivation of hlyA by Tn9J6, we performed Southern blot analyses to map the sites of Tn916 insertion. By using a hybridization probe specific for hlyA (see Fig. 3 , probe 2), we showed that the 16.4-kb Tn9J6 element had inserted into a 3.2-kb BamHI restriction fragment, containing all of hlyA, in only two mutants, DP-L476 and DP-L590 (Fig. 4A) . As expected, the high molecular mass bands for these two mutants also hybridized with the Tn916 probe (data not shown). In the remaining six mutants, the 3.2-kb BamHI fragment remained intact (Fig. 4A) . Additional southern hybridization analyses were done to more precisely determine the sites of Tn916 insertion in DP-L476 and DP-L590. A comparison of parental strain and DP-L476 DNA digested with HindIII and Hpa II and hybridized with probe 2 (Fig. 4B) revealed that Tn916 had inserted into a 0.26-kb region between the 3' HindIII and Hpa II sites within hlyA (Fig. 3) . A comparison of parental strain and DP-L590 DNA digested with Taq I and hybridized with probe 1 (Fig.  4C) revealed that Tn916 had inserted into a 0.74-kb Taq I fragment including the 5' end of hlyA and sequence immediately upstream of hlyA (Fig. 3) . Knowledge of the locations of two asymmetric Taq I sites present in the left and right termini of Tn916 (29) allowed precise mapping of the Tn916 insertion in DP-L590 to a position 0.33 kb upstream of hlyA (Fig. 3) (12) . Locations of hybridization pro for Southern blot analyses are indicated below h1l Tn916 insertion in mutant strains DP-L590 and D] cated 0.33 kb upstream of hlyA and between the 3' 1 II sites within hlyA, respectively. Mapping was bast single and double digestions with the appropriate zymes, on the published hlyA sequence (12) , and c sequences of the left and right termini of Tn9O6 (2S the five remaining mutant strains, all having g or no hemolytic activity, the structural gene f o remained intact.
Isolation of Revertants. Tn9J6 has been sh precisely in several bacterial species (30, 31) . evaluate if our mutants were caused by Tn916 attempted to isolate revertants. Revertants fro eight mutant strains were selected by their E visible plaques in confluent J774 cell monolayl a direct correlate of intracellular growth. Re these seven mutant strains also formed zones a blood agar identical to the wild type. Revertan the mutant strains were sensitive to tetracyclin due to excision and loss of Tn916, whereas I DP-L433, DP-L434, and DP-L590, repeatedl tetracycline-resistant revertants. A revertant L534 was not obtained. The reversion freqi mutant strain was estimated by comparing 1 bacteria required to form plaques compared t( ( Table 1 
40MM
tation resulting in both the loss of secretion of the 58-kDa polypeptide and the truncation of another distinct polypeptide species may have been responsible.
It was not surprising that nutritional auxotrophs were not isolated after methicillin selection because the Tn9J6 recipients were grown on a minimal medium prior to infection. However, one mutant, DP-L524, seemed to have a general growth defect and was unique in that it secreted substantial hemolytic activity and was capable of limited intracellular growth. The precise defect in this strain is unknown, but it was also somewhat defective for extracellular growth as well. This strain may represent a possible vaccine strain since it shows abortive intracellular growth.
Future studies are necessary for isolation of auxotrophic mutants of L. monocytogenes by intracellular methicillin selection to examine nutritional requirements for intracellular growth. Fields et al. (32) have isolated TnJO mutants of Salmonella typhimurium that were avirulent and could not survive within macrophages. Many of these mutants were auxotrophic mutants (32) . However, unlike L. monocytogenes, which replicates intracytoplasmically (14) , S. typhimurium resides in a macrophage phagolysosome (33) . Therefore, it will be interesting to compare the nutritional requirements for intracellular growth of these two pathogens.
The results of our study demonstrated that intracellular methicillin selection can be used to isolate mutations in genes required for intracellular growth and strongly suggested that hemolysin is an essential determinant for intracellular growth and pathogenicity of L. monocytogenes. The role of hemolysin appears to be lysis of a phagosome containing L. monocytogenes allowing the bacteria free access to the eukaryotic cytoplasm (ref. 14 ; D.A.P. and L. Tilney, unpublished data). Thus, L. monocytogenes resembles other intracellular parasites that have adapted to an intracytoplasmic lifestyle such as T. cruzi (34) , Shigellaflexneri (35) , Rickettsia tsutsugamushi (36), Rickettsia prowazekii (37) , and viral pathogens. Moreover, it has been suggested that, like L. monocytogenes, hemolytic activity is also involved in lysis of the phagosomal membrane by S. flexneri and R. prowazekii, which express a contact hemolysin (35) and phospholipase A (37), respectively. Thus, a broad range of pathogens ranging from viruses to protozoa have evolved different mechanisms to escape from host phagosomal or endosomal compartments. Further analysis of the mutants isolated in this study and other mutants isolated by intracellular methicillin selection should facilitate a detailed molecular analysis of the regulation and precise requirements of L. monocytogenes necessary for intracellular parasitism.
